The human immunodeficiency virus type 1 capsid is modeled as a fullerene cone that is composed of ∼ 250 hexamers and 12 pentamers of the viral CA protein. Structures of CA hexamers have been difficult to obtain because the hexamer-stabilizing interactions are inherently weak, and CA tends to spontaneously assemble into capsid-like particles. Here, we describe a two-step biochemical strategy to obtain soluble CA hexamers for crystallization. First, the hexamer was stabilized by engineering disulfide cross-links (either A14C/E45C or A42C/T54C) between the Nterminal domains of adjacent subunits. Second, the cross-linked hexamers were prevented from polymerizing further into hyperstable capsid-like structures by mutations (W184A and M185A) that interfered with dimeric association between the C-terminal domains that link adjacent hexamers. The structures of two different cross-linked CA hexamers were nearly identical, and we combined the non-mutated portions of the structures to generate an atomic resolution model for the native hexamer. This hybrid approach for structure determination should be applicable to other viral capsomers and protein-protein complexes in general.
Introduction
The mature capsid of an infectious retrovirus is a protein shell that is assembled from ∼1500 copies of the virally encoded CA protein and packages and organizes the viral genome for delivery into new host cells (see Ref. 1 for a recent review). On the basis of the mathematical principles of a fullerene shell, the CA subunits form ∼250 hexamers arrayed on a variably curved hexagonal lattice, which is closed by incorporation of exactly 12 CA pentamers. [2] [3] [4] CA proteins of different retroviruses share a conserved tertiary structure composed of two independently folded domains [called the N-terminal domain (NTD) and C-terminal domain (CTD)], 2,5-11 despite minimal primary sequence homology and large variations in macroscopic capsid shape. The two domains are primarily α-helical and are separated by a flexible stretch of ∼4 amino acid residues.
The quaternary organization of the CA subunits in the hexagonal capsid lattice was first established by electron microscopy (EM) and biochemical studies. 3, 5, [12] [13] [14] [15] [16] [17] Within each hexamer, the six NTDs form a symmetric ring that is stabilized by a central 18-stranded α-helical barrel, with each subunit contributing three helices. The six CTDs are arranged as an outer ring surrounding the central NTD ring, with each CTD packed against the NTD from the adjacent subunit. Hexamers assemble into the extended capsid lattice via interactions of the outer ring, with each of the six CTDs forming a homodimer with corresponding domains from neighboring hexamers, thereby connecting each hexamer to six others.
The NTD ring and CTD dimer interactions have each been visualized separately in X-ray and NMR structures of the isolated domains, 5, 9, [18] [19] [20] but atomic resolution structures of the full-length CA hexamer have been more difficult to obtain. From a practical standpoint, this is presumably due to the intrinsic difficulties in producing discrete, soluble CA oligomers that could be crystallized. Recently, we reported four distinct X-ray crystal structures of the CA protein of HIV-1 (human immunodeficiency virus type 1), which revealed the atomic details and conformational states of a full-length retroviral CA hexamer. 21 The NTD ring of the hexamer appeared relatively rigid, whereas the interactions between the NTD and CTD rings enabled limited rigid-body motions of the outer ring. This is likely to be an underlying mechanism for generating the variably curved hexagonal lattice observed in authentic HIV-1 capsids. [20] [21] [22] Our structure determination strategy relied on a biochemical approach that facilitated the efficient production of homogeneous preparations of soluble HIV-1 CA hexamers that could be crystallized. In the first step, the CA hexamer was stabilized by the introduction of exogenous cysteines at amino acid positions 14 and 45. Upon oxidation, the engineered cysteines efficiently formed an intermolecular disulfide bond that covalently linked each CA NTD subunit to its two neighbors in the hexameric ring. In the second step, the cross-linked hexamers were prevented from polymerizing further into an extended lattice by disrupting the CTD-CTD dimer linkages, thereby allowing the production of soluble hexamers. Here, we describe in detail the design and characterization of the disulfide-stabilized CA hexamers. We also report an additional HIV-1 CA hexamer structure, derived from a construct with cysteine substitutions at positions 42 and 54. The new structure recapitulates the previous structures and provides additional validation for the crosslinking strategy. Stitching together the native portions of the two disulfide-stabilized structures allowed us to derive a complete atomic model for the hexameric building block of the HIV-1 capsid.
Results and Discussion
Design of double-cysteine mutants of HIV-1 CA We used the 9-Å cryoEM-based model of the HIV-1 CA hexamer [Protein Data Bank (PDB) code 3dik] 15 to identify residues that appeared to be in close contact across the hexamerization interface. We restricted our list of candidates to those within the NTD ring of the hexamer because this was the bestdefined region in the cryoEM structure. Residues that appeared to mediate interactions between the NTD and CTD rings were also avoided in order to obtain an unbiased view of the molecular interactions in this region. The C β -C β distance in native disulfide bonds is ∼4 Å. 23, 24 Since the cryoEM model only gave an approximate position for each residue, we used a simple distance filter and selected seven pairs of residues whose C β atoms were separated by ≤6 Å (listed in Table 1 ; amino acid positions in the cryoEM model are shown in Fig. 1a ). As a negative control, we also mutated an eighth pair, Gln13/Glu45, which had a predicted C β -C β distance of 10.4 Å and would not be expected to form a disulfide bond. Two native cysteines in the CTD, Cys198 and Cys218, were left in place because the cryoEM model indicated that these residues were unlikely to interfere with the cross-linking reactions. All constructs could be expressed in milligram quantities in Escherichia coli, could be purified to homogeneity (Fig. 1b) , and were generally well behaved in reducing solution conditions.
Assembly and cross-linking of double-cysteine CA mutants
Pure recombinant wild-type HIV-1 CA protein spontaneously assembles into long, hollow tubes upon incubation in buffer containing 1 M NaCl at near neutral pH (Fig. 2a) . 14, [25] [26] [27] [28] These in vitro tubes are organized as helical arrays of CA hexamers, 3, 20 and a variety of studies from several groups have shown that the tubes faithfully recapitulate the hexameric lattice interactions within authentic capsids. [12] [13] [14] 27, [29] [30] [31] The double-cysteine mutants were therefore assembled in vitro to identify constructs that retained the ability to form tubes. Four mutants assembled into tubes that appeared similar in morphology to the wild-type tubes (Q13C/E45C, Fig. 2b ; A14C/E45C, Fig. 2c ; P17C/ A22C, Fig. 2f ; and A42C/T54C, Fig. 2i ), implying that these pairs of engineered cysteines did not disrupt the native assembly interfaces. The remainder of the constructs formed highly curved particles (i.e., spheres, small rods, cones, and spirals) similar to the previously described R18A and R18L HIV-1 CA mutants. 14, 15 Note that these constructs contain mutations at or near Arg18 (Fig. 1a and Table 1) , and therefore, the highly curved and closed particles presumably arose by the incorporation of pentamers into the assembling hexagonal lattices, in analogy to the R18A and R18L mutants. 14 We speculate that the b Measured distances in the actual CC1 structure (PDB code 3h47).
c Measured distances in the actual CC2 structure (PDB code 3mge).
d Distances refer to disulfide-bonded cysteine substitutions.
engineered cysteines may have induced pentamer incorporation by directly stabilizing the pentamer and/or indirectly by increasing the curvature of the hexagonal lattice. Within the assembled tubes, if the cysteine pairs were at the appropriate distance and geometry, then they should spontaneously oxidize and form disulfide bonds. Note that the assembly reactions were performed in the presence of a 50-fold molar excess of β-mercaptoethanol (βME, 20 mM) relative to the protein concentration (10 mg/mL or 0.4 mM). This highly reducing assembly environment discouraged formation of spuriously cross-linked species and promoted disulfide bonding only if the local geometry was favorable. To assess disulfide bond formation, we denatured the assembled particles in the presence of a thiol-capping reagent (to prevent further cross-linking) and then analyzed them by using non-reducing SDS-PAGE. The different constructs migrated as ladders of cross-linked n-mers, with n = 1-6 (Fig. 2j ). Note that we observed little or no n N 6 species. This indicates that disulfide bond formation was being driven by the non-covalent intersubunit interactions within the assembled particles and not by random, nonspecific association of soluble protein, which would lead to higher molecular weight aggregates.
As expected, the negative control, Q13C/E45C, migrated as a single band corresponding to the noncross-linked monomer, consistent with the prediction based on the cryoEM model (Fig. 2j, lane 2) . Of the constructs that assembled into wild-type-like tubes, A14C/E45C (Fig. 2j , lane 3) and A42C/T54C (lane 9) had enriched 6-mer bands, indicating that these cysteine pairs were within favorable disulfidebonding distance. A14C/E45C cross-linked with at least 90% efficiency and was therefore selected for further analysis (see below). The N21C/A22C construct was a notable outlier: its SDS-PAGE profile showed an enriched 5-mer band, with essentially no 6-mer band (Fig. 2j, lane 7) . This construct assembled predominantly into spheres approximately 35 nm in diameter (Fig. 2g) , which matches the expected dimensions of a T = 3 icosahedral particle composed of 20 hexamers and 12 pentamers. Although the N21C/A22C spheres lacked strict icosahedral symmetry, this result supports the finding that retroviral CA hexamers and pentamers are quasi-equivalent; that is, the same (or overlapping) protein surfaces are used to create both capsomers. 22 Substituting Asn21 and Ala22 with cysteines apparently created an artificial switch that shifted the equilibrium between the two capsomers in favor of the pentamer. We speculate that within the N21C/A22C particles, the engineered cysteines may be partly oxidized in the hexamers and completely oxidized in the pentamers.
Characterization of CA A14C/E45C hexamers
We first focused on the A14C/E45C construct, because it assembled into wild-type-like tubes and cross-linked efficiently into 6-mers. A series of follow-up experiments showed that (1) the in vitro cross-linking efficiency of A14C/E45C could be driven essentially to completion by performing the assembly reactions in stoichiometric amounts of βME (data not shown; but see Fig. 3b ); (2) the projection structure of two-dimensional crystals of the cross-linked hexamer was essentially identical with the wild-type lattice at 15 Å resolution (data not shown); (3) the cross-linked tubes bound to human cyclophilin A, a known interactor of the HIV-1 capsid 32 (data not shown); and (4) a proviral clone containing the two cysteine substitutions produced mature virions and cores, albeit noninfectious (D. Christensen and W. I. Sundquist, personal communication). Taken together, these results indicated that the engineered disulfide bond stabilized the A14C/E45C hexamer both in vitro and in authentic virions and did not disrupt the native architecture or surface properties of the hexameric capsid lattice.
Tubes composed of cross-linked CA A14C/E45C were hyperstable
Having identified a pair of cysteines that efficiently cross-linked CA hexamers, we expected that the cross-linked tubes would now be hyperstable compared to wild-type tubes. Indeed, intact crosslinked tubes were observed even after 10,000-fold dilution of assembly reactions into water, from 0.4 mM to 40 nM CA, or after extended incubation with cyclophilin A (data not shown). Under these conditions, wild-type CA tubes rapidly disintegrate. The A14C/E45C construct also assembled readily even at low nanomolar concentrations (data not shown). Thus, it was not possible to disassemble the cross-linked tubes and crystallize the A14C/E45C hexamers. We note, however, that the enhanced stability of the cross-linked tubes makes them attractive reagents for biochemical studies of capsidbinding factors such as cyclophilin A 32 and TRIM5α, 33 which tend to induce rapid disassembly of wild-type CA assemblies.
Addition of dimer interface mutations to A14C/E45C gave soluble hexamers CA hexamers are linked into an extended lattice by homodimerization of the CTD, via a hydrophobic interface that includes helix 9. 9, 13, 14, 29 To obtain discrete, soluble A14C/E45C hexamers for crystallization, we disrupted the CTD-CTD linkages by introducing the W184A and M185A mutations into helix 9, thereby preventing further polymerization of the cross-linked hexamers into tubes or other capsidlike particles. Because the CTD-CTD interface does not directly stabilize the hexamer, the W184A and M185A mutations were not expected to affect formation of the cross-linked A14C/E45C hexamers.
We tested the W184A and M185A mutations singly and in combination. In contrast to the wildtype background, addition of these mutations to A14C/E45C produced constructs that remained competent for assembly. The A14C/E45C/W184A construct assembled into mixtures of tubes and flat sheets, which cross-linked into 6-mers with ∼ 100% efficiency (data not shown). Many of these assemblies were single-layered (data not shown), suggesting that the W184A mutation may have altered the native curvature of the hexameric lattice, by changing the packing geometry at the dimerization interface. The A14C/E45C/M185A mutant was prone to aggregation (but also assembled; data not shown) and was therefore not analyzed further.
The A14C/E45C/W184A/M185A construct (hereinafter referred to as CC1) also formed tubes (Fig. 3a) but with considerably lower efficiency. Specifically, CC1 tubes were observed only when the protein concentration was at least 30 mg/mL (1.2 mM), and we also observed more amorphous particles. Tubes were more prevalent when the assembly reactions contained lower amounts of βME (Fig. 3a) . Of greater importance, CC1 crosslinked into 6-mers with almost 100% efficiency in the presence of stoichiometric amounts of βME (Fig. 3b) , even at protein concentrations wherein tubes were not readily observed. This result indicated that the protein was forming soluble hexamers. Indeed, sizeexclusion chromatography of cross-linked CC1 (solubilized in low salt buffer) displayed a nearly symmetric peak centered at the appropriate elution volume for a hexamer (Fig. 3c) .
Structure of cross-linked HIV-1 CA A14C/E45C/W184A/M185A (CC1)
Unlike wild-type HIV-1 CA, CC1 readily crystallized under a variety of conditions. Two crystal forms diffracted to atomic resolution: a hexagonal form (∼ 2 Å resolution) and an orthorhombic form (∼ 2.7 Å). 21 In the orthorhombic crystal form, the hexamers packed in a biologically nonrelevant configuration, with two independent hexamers stacked head to head in the asymmetric unit. In the hexagonal crystal form, the hexamers packed on a flat hexagonal lattice, 21 similar to the twodimensional crystals solved by cryoEM. 15 However, the 3D and 2D hexagonal lattices were not exactly matched, likely due to the presence of the CTD-CTD interface mutations in CC1. The crystallographically distinct CC1 hexamers superimposed very well with each other, 21 with the cryoEM structure, 15 and also with a non-cross-linked CA hexamer structure that was stabilized by fusion with CcmK4, a protein that forms stable hexamers in solution. 21, 34 Taken together with our biochemical data, the above analysis strongly indicates that the cross-linked construct captured the correct, native hexamer conformation. The engineered Cys14/Cys45 disulfide bond adopted a left-handed configuration, with favorable dihedral angles. Densities for the sulfur atoms indicated a single configuration for both cysteines; that is, they were ∼ 100% disulfide bonded in the crystal (Fig. 4a) . Thus, the X-ray structures of CC1 support the conclusion from our biochemical analyses that the engineered Cys14/Cys45 disulfide bond was comfortably accommodated within the hexamerization interface.
Structure of cross-linked HIV-1 CA A42C/T54C/ W184A/M185A (CC2)
Although we initially focused on a construct with very favorable properties, we also wondered whether one that cross-linked less efficiently still formed the correct hexamer structure. We therefore revisited the A42C/T54C mutant for further analysis: this construct displayed a ladder of 1-to 6-mers on SDS-PAGE (Fig. 2j, lane 9 ) and yet retained the ability to assemble into tubes (Fig. 2i) . The crosslinked 6-mer band only represented ∼ 30% of the total protein (Fig. 2j, lane 9) , and maximal crosslinking was limited to ∼ 50% even in the presence of stoichiometric amounts of βME (data not shown). On the basis of these observations, one might conclude that oxidation of the Cys42/Cys54 pair distorted the hexamer architecture or that the disulfide bond was not comfortably accommodated among the native contacts.
As for the CC1 construct, soluble A42C/T54C assemblies were obtained by the addition of the W184A and M185A mutations to the CTD; the A42C/T54C/W184A/M185A construct is hereinafter referred to as CC2. This construct also crystallized readily, but unlike CC1, all CC2 crystals had hexagonal morphology. Analysis of the diffraction data indicated that the CC2 crystals were isomorphous to the hexagonal crystal form of CC1. Accordingly, the CC2 diffraction data were reduced in space group P6 with one CA molecule in the asymmetric unit (see Materials and Methods for details). The structure was solved by molecular replacement, and refined at 1.9 Å resolution to R free = 25.5% (crystallographic statistics are presented in Table 2 ).
The refined model showed that the Cys42 and Cys54 side chains were only partly disulfide bonded. Consistent with the attenuated cross-linking efficiency for this construct, the difference density peak for the Cys54 sulfur atom indicated a single conformation, whereas peaks for the Cys42 sulfur atom indicated at least two alternative rotamer configurations (Fig. 4b) . Nevertheless, the CC2 structure was practically identical with CC1, demonstrating that inefficient cross-linking of engineered disulfides does not necessarily imply distortion of the native protein structure.
The CC1 and CC2 hexamer structures superimposed with an average root-mean-square deviation of 0.40 Å on equivalent backbone atoms (Fig. 5a ). Side-chain conformations were also very similar across both structures, although certain residues appeared to have alternative rotamer configurations. At the positions occupied by the engineered cysteines, linear atomic displacements ranged from 0 to ∼ 1 Å for backbone and C β atoms (Fig. 5b) . These minor displacements appeared to be accommodated by torsion angle adjustments that were dispersed across the surrounding residues. The cysteine mutations also perturbed the configurations of ordered water molecules that mediate intersubunit hydrogen bonds across the subunits in the NTD ring, although the perturbations were highly localized (not shown).
Building a "native" CA hexamer structure
Since the CC1 and CC2 structures were very similar, we derived a composite hexamer model with a native set of NTD ring interactions in the following manner: (1) a single CC1 NTD subunit was superimposed on each of the six CC2 subunits on their backbone atoms; (2) the coordinates of the native Ala42 and Thr54 side chains in CC1 were used to replace the Cys42 and Cys54 coordinates in CC2; (3) the water positions in the immediate vicinity of the mutated residues were individually inspected, and those that clashed with protein atoms were excluded from the model. Although this modeling approach was somewhat ad hoc, the resulting model had appropriate van der Waals distances, minimal steric clashes, and favorable hydrogen-bonding distances between polar atoms, including water molecules. Interestingly, the composite model suggested that the Glu45 and Thr54 side chains may interact across the hexamerization interface, via water-mediated hydrogen bonds (Fig. 5c ). This feature was not observable in either of the CC1 or CC2 structures and is consistent with studies indicating that both residues are required for optimal capsid assembly and virus infectivity. 13, 14, 35 Significance for β-hairpin formation
In addition to forming the mature capsid, CA also forms essential lattice contacts within the immature capsid, as a domain of the Gag polyprotein. During virus maturation, CA is released as a mature protein through proteolysis of Gag by the viral protease. The processed Pro1 imino group folds back into the globular domain of mature CA, where it forms a buried salt bridge with the side chain carboxyl group of Asp51. 10, 29 In the immature form, the Pro1-Asp51 salt bridge does not exist, and the β-hairpin is unfolded into an extended conformation. 36, 37 Biochemical and mutagenesis studies have shown that formation of the β-hairpin is a structural switch that facilitates disassembly of Gag and/or assembly of CA into the mature capsid. 29, 38 The Pro1-Asp51 salt bridge was observed in each of the 14 crystallographically independent subunits within the CC1 and CC2 hexamers, and this is consistent with the observation that a folded β-hairpin is an essential feature of mature CA. 10, 29 Both residues form part of a network of intramolecular hydrophilic interactions that hold together the bottom of the β-hairpin and the tops of helices 1 and 3 (Fig. 6) . Specifically, the imino group of Pro1 makes an additional hydrogen bond with the backbone carbonyl of Glu13 from the opposite strand of the hairpin, and Asp51 forms a watermediated hydrogen bond with the backbone amide of Ile15 (Fig. 6) . His12 from the second strand also forms a water-mediated hydrogen bond with Thr48 (helix 3). However, there are no significant intermolecular interactions in this region, although it is conceivable that Glu45 from the adjacent subunit may participate in the hydrogen-bond network if its side chain adopts an alternative rotamer configuration. Likewise, residues in the strand regions do not form intermolecular β-barrel-type interactions. This lack of significant long-range interactions involving the β-hairpin has also been observed in the structure of the isolated CA NTD hexamer structure of murine leukemia virus 5 and is consistent with the biochemical finding that deletion of the first 13 residues of HIV-1 CA does not abolish assembly in vitro (although assembly is less efficient compared to full-length protein). 38 Taken together, these observations support the model wherein formation of the β-hairpin indirectly favors assembly of the mature capsid by inducing a CA tertiary conformation that is no longer capable of packing into the immature lattice. 
Generality of the structure determination approach
There is increasing literature on the use of engineered disulfide bonds to stabilize discrete complexes to facilitate crystallization and obtain structures at atomic resolution. One notable example is the elongation complex of the HIV-1 reverse transcriptase enzyme, which was successfully crystallized only after a disulfide bond was used to tether the enzyme to its DNA:RNA hybrid substrate. 39, 40 Our studies demonstrate that a similar approach may also be applied to very large supramolecular complexes (e.g., the HIV-1 capsid). By combining hexamer-stabilizing disulfide bonds with mutations that disrupt formation of hexamerto-hexamer linkages in the capsid lattice, we solubilized and crystallized a sub-complex composed of CA hexamers. Structures of different subcomplexes may be solved iteratively in this manner and then combined into a model for the entire supramolecular complex. In the case of the HIV-1 capsid, structures of the hexameric building block (Ref. 21 and this study) and of the CTD-CTD dimer connectors are now available, 9, 18, 20 but deriving a complete atomic model for the capsid would require the structure of the CA pentamer.
Two important observations imply that the above technique may be broadly applied. Firstly, we found that engineered disulfides need not oxidize with high efficiency to stabilize functional complexes. Although we believe that this does not obviate the need for careful selection of sites for cysteine mutagenesis, it implies that the predicted geometry of the engineered disulfide is not a critical criterion for site selection. Secondly, the correctness of disulfide-stabilized structures may be assessed by comparing independent structures of different cross-linked constructs that have the engineered cysteine pairs at different positions. We argue that if they converge on a single conformation, then the disulfide-stabilized structures very likely recapitulate the native conformation. This type of validation is particularly crucial in cases wherein reliable lowresolution structures or other supporting biochemical data are scarce or unavailable. An additional advantage of this approach is that each of the independent structures "fill-in" the information missing from the others, and one can then combine the non-mutated portions of the structures to obtain a "native" model.
Materials and Methods

Protein purification
Plasmid constructs were made as described previously. 21 HIV-1 CA proteins were expressed by IPTG induction in E. coli BL21(DE3) cells for 6-12 h at 25°C. All purification steps were performed at 4°C. Cell pellets were resuspended in 50 mM Tris, pH 8, 50 mM NaCl, 200 mM βME, and 0.2% (w/v) deoxycholate, supplemented with protease inhibitors, and lysed using a microfluidizer. After centrifugation at 45,000g for 45 min, ammonium sulfate was added to the clarified supernatant to 25% saturation. The precipitate was pelleted by centrifugation at 8000g for 20 min, resuspended in Buffer A (25 mM Mops, pH 6.8, and 20-200 mM βME), and applied to an SP-Sepharose column (GE Healthcare). The column was developed with a linear gradient from 0 to 1 M NaCl in Buffer A. Peak fractions were pooled; dialyzed against 20 mM Tris, pH 8, 40 mM NaCl, and 60 mM βME; and applied to a Q-Sepharose column (GE Healthcare). Homogeneously pure CA eluted in the flow-through, was concentrated to 30 mg/mL, flash-frozen in liquid nitrogen, and stored at −80°C.
In vitro assembly and cross-linking
In initial experiments, CA constructs were assembled by overnight dialysis at 4°C of 10 mg/mL protein into assembly buffer (1 M NaCl and 50 mM Tris, pH 8), 27 containing 20 mM βME. In subsequent experiments, we found that varying the βME concentration from 0 to 200 mM had no significant effect on the assembly Fig. 6 . Stereoview of the β-hairpin region between two adjacent subunits. Details of the hydrophilic interactions surrounding the Pro1-Asp51 salt bridge (asterisk) are shown for one subunit, as seen in the composite hexamer model. Similar arrangements were observed in each of the crystallographically independent CC1 and CC2 hexamer structures. Note that there are essentially no intermolecular interactions involving either the salt bridge or strand regions of the β-hairpin.
efficiency of the various constructs (data not shown). Assembly was also performed by direct dilution of protein into assembly buffer, 14, 29 which generally resulted in more highly curved particles (data not shown). To visualize cross-linked proteins, we diluted assembly reactions into buffer containing 2-40 mM methyl methanethiolsulfonate, as appropriate to the protein and βME concentrations, and the crosslinked bands were separated by using nonreducing SDS-PAGE with Coomassie staining. For EM, assembly reactions were diluted 10-fold and a 5-μL aliquot was applied to a carbon-coated grid for 5 min. The grid was washed with 0.1 M KCl and then stained with 2% uranyl acetate. Images were recorded on a Tecnai F20 electron microscope operating at 120 keV.
Crystallization and structure determination
Soluble cross-linked hexamers were prepared as described previously. 21 Crystals were obtained in sitting drops, by mixing protein and precipitant at a 2:1 ratio. As described previously, CC1 formed orthorhombic crystals at 20°C in 10-12% polyethylene glycol (PEG) 8000 and 100 mM Tris (pH 7-9) and hexagonal crystals at 4°C in 10-12% PEG 8000 and 100 mM sodium malonate (pH 6.5-7.5). 21 Subsequent screening identified conditions that more reproducibly induced crystallization of the hexagonal form (10-14% PEG 8000, 2% Tacsimate, and 100 mM Tris, pH 7.6-8.6). Surprisingly, CC2 formed only hexagonal crystals under all three conditions. Structure determination of CC1 crystals has been described in detail. 21 For CC2 crystals, diffraction data were recorded at beamline 5.0.1 at the Advanced Light Source and processed with HKL2000. 41 The crystals belonged to space group P3 (a = b = 156.4 Å, c = 56.5 Å), with one hexamer in the asymmetric unit, and were perfectly merohedrally twinned (Supplementary Table 1) . Furthermore, the native Patterson map showed a strong off-origin peak at fractional unit cell coordinates (1/3, 2/3, 0) (70% of origin), and the diffraction data showed a characteristic pattern of strong and weak reflections, which indicated the presence of translational pseudosymmetry. The strong reflections obeyed the selection rule (h, h ± 3n, l) and, on average, had ∼ 8-fold higher intensities than the weak reflections ( Supplementary  Fig. 1 ). The off-origin Patterson peak had equal magnitude to the origin peak when calculated with only the strong subset. As described previously for the isomorphous CC1 crystals, we therefore ignored the weak reflections and indexed the data in the smaller pseudocell (a = b = 90.3 Å, c = 56.5 Å, R sym = 7.5% to 1.9 Å; Table 2 ), which belonged to space group P6 with one CA molecule in the asymmetric unit. 21 Prior to refinement, the CC2 test set was matched to the published test set for the CC1 structure (PDB code 3h47). The CC1 structure (minus water and side chains for Ala14, Cys42, Glu45, and Cys54) was used as the starting point for the refinement. The model-phased map after rigidbody refinement clearly showed positive difference density for the Cys42 and Cys54 sulfur atoms and omitted water molecules. The entire model was rebuilt with Coot, 42 and multiple rounds of refinement with simulated annealing were performed with PHENIX. 43 The current model has R work and R free values of 23.0% and 25.5%, respectively, and the Ramachandran plot shows no regions in disallowed regions ( Table 2 ).
The structure in the pseudo-cell setting is effectively an "average" of both the pseudotranslationally related molecules and the two twin domains. Further refinement in the true cell setting of P3 was not attempted, because the combination of translational pseudosymmetry and twinning produced severe intensity correlations in the data. The expectation, however, is that the atomic model would change minimally if we were to do so, based on published examples.
PDB accession numbers
The CC2 structure factors and coordinates are available for download at the PDB database † as 3mge.
